Abstract A practical calculation model for the intrinsic rotation imparted to the edge plasma by the directionally preferential loss of ions on orbits that cross the last closed flux surface is presented and applied to calculate intrinsic rotation in several DIII-D discharges. The intrinsic rotation produced by ion loss is found to be sensitive to the edge temperature and radial electric field profiles, which has implications for driving intrinsic rotation in future large tokamaks.
Differences in rotation in NBI-driven discharges with and without Resonance Magnetic
Perturbations were found to be comparable to those predicted from intrinsic rotation due to ion orbit loss for carbon. These differences were of sufficient magnitude that intrinsic rotation due to ion orbit loss should be taken into account in comparisons of rotation theories with measurements in the edge plasma, certainly in DIII-D and probably in other strongly rotating experiments as well.
Some interesting relationships between the radial electric field and the intrinsic rotation were found. This raises the possibility of generating intrinsic rotation by controlling the electric field in the edge plasma, which could be useful in future tokamaks such as ITER.
(paper published Phys. Plasmas 19, 112503, 2012) Interpretation of changes in diffusive and non-diffusive transport in the edge plasma during a Low-High (L-H) transition in DIII-D Abstract The evolution of diffusive and non-diffusive transport during a L-H transition has been interpreted from a particle-momentum-energy balance analysis of the measured density, temperature and rotation velocity profiles in the plasma edge ( ) 0.82 1.0 ρ < < of a DIII-D discharge. It was found that the majority of edge pedestal development occurs within the first 100 ms following the L-H transition, for this discharge. There appears to be a spatio-temporal correlation among the measured torodial and poloidal rotation, the formation of a negative well in the measured radial electric field, the creation of a large inward particle pinch, the calculated intrinsic rotation due to ion orbit loss and the measured formation of steep gradients in density and temperature in the outer region ( )
of the edge pedestal.
Summary The evolution of diffusive and non-diffusive transport during a L-H transition has been interpreted from a particle-momentum-energy balance analysis of the measured density, temperature and rotation velocities in the plasma edge ( )
The measured density, temperature and rotation velocities in the plasma edge and the radial electric field constructed from them changed dramatically from their L-mode profiles during the first 30-70 ms after the L-H transition and then slowly evolved over another few hundred ms, non-monotonically, as the H-mode fully developed. These data and calculated radial heat and particle fluxes were used in the heat conduction relation to interpret experimental thermal diffusivities, and these data were used with the particle and momentum balance equations to interpret experimental particle diffusion coefficients and pinch velocities. Momentum balance requires that the radial particle flux satisfies a "pinch relation and defines the values of the diffusion coefficient and the pinch velocity in terms of quantities that can be determined from experiment. The deuterium diffusio determined from measured quantities determined from the measured densities and temperatures, and the momentum transport frequency, which can be inferred from the measured toroidal rot Deuterium rotational velocity profile and the Deuterium and Carbon momentum transport frequencies were determined from the measured Carbon toroidal rotation velocity by using first order perturbation theory.
A rather surprising feature was found in the measured toroidal rotation profile in the edge plasma. The measured Carbon toroidal rotation velocity profile and the Deuterium toroidal rotational velocity profile calculated from it were rather flat in L Electron Density Before (1525ms) and After L-H Transition Momentum balance requires that the radial particle flux satisfies a "pinch relation and defines the values of the diffusion coefficient and the pinch velocity in terms of quantities that can be determined from experiment. The deuterium diffusion coefficient can be determined from measured quantities--the ion-impurity collision frequency, which can be determined from the measured densities and temperatures, and the momentum transport frequency, which can be inferred from the measured toroidal rotation velocity. The unmeasured Deuterium rotational velocity profile and the Deuterium and Carbon momentum transport frequencies were determined from the measured Carbon toroidal rotation velocity by using first ising feature was found in the measured toroidal rotation profile in the edge plasma. The measured Carbon toroidal rotation velocity profile and the Deuterium toroidal rotational velocity profile calculated from it were rather flat in L-mode, increased sh H transition for 0.95 ρ < , but decreased sharply during this same time for , indicating either a torque or an increased radial transport of toroidal momentum in the within the first 30 ms after the L-H transition.
Momentum balance requires that the radial particle flux satisfies a "pinch-diffusion" relation and defines the values of the diffusion coefficient and the pinch velocity in terms of n coefficient can be impurity collision frequency, which can be determined from the measured densities and temperatures, and the momentum transport ation velocity. The unmeasured Deuterium rotational velocity profile and the Deuterium and Carbon momentum transport frequencies were determined from the measured Carbon toroidal rotation velocity by using first ising feature was found in the measured toroidal rotation profile in the edge plasma. The measured Carbon toroidal rotation velocity profile and the Deuterium toroidal mode, increased sharply within , but decreased sharply during this same time for , indicating either a torque or an increased radial transport of toroidal momentum in the The pinch velocity is a collection of normalized electromagnetic forces, specified by momentum balance requirements, in which there are terms proportional to the toroidal and poloidal rotation velocities, a term proportional to the radial electric field, and (smaller) terms proportional to external momentum torques and the induced toroidal electric field. In this discharge, the radial electric field and the poloidal velocity terms were dominant. proportional to external momentum torques and the induced toroidal electric field. In this discharge, the radial electric field and the poloidal velocity terms were dominant.
Particle Pinch Velocity Before (1525ms) and After L-H Transition
The variation in the radial electric field profile was the principle reason that the ion particle pinch velocity, which was only slightly inward ( ) The interpreted electron thermal diffusivity profile was relatively flat across the plasma mode, but decreased sharply within 30-70 ms after the L-H transition to form a "transport barrier" structure and then varied somewhat, non-monotonically, as the H proportional to external momentum torques and the induced toroidal electric field. In this discharge, the radial electric field and the poloidal velocity terms were dominant.
H Transition
The variation in the radial electric field profile was the principle reason that the ion The interpreted ion thermal diffusivity profile was also relatively flat across the plasma edge in L-mode, and decreased sharply within 30 discernibly form a "transport barrier" structure monotonically, as the H-mode fully developed. Calculation of ion plasma, which indicate steady increase in both particle and energy l time as the plasma enters the H-mode, were included in the ion heat diffusivity calculation.
Based on these results, we conclude that the majority of edge pedestal development occurs within the first 100 ms following the L future investigations it would be useful to obtain more highly time 50-100 ms after the L-H transition Finally, we note that the apparent spatio intrinsic rotation due to ion orbit loss, the measured torodial rotation and the measured radial electric field is suggestive that changes in ion orbit loss could be playing a major role in the dynamics of the L-H transition, perhaps via the return edge current (necessary to compensate the ion orbit loss in order to maintain charge neutrality) setting the radial electric field in the plasma edge.
(paper submitted to Phys. Plasmas)
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Electron Thermal Diffusivity Before (1525ms) and After L-H Transition
The interpreted ion thermal diffusivity profile was also relatively flat across the plasma mode, and decreased sharply within 30-70 ms after the L-H transition discernibly form a "transport barrier" structure) and then also varied, mode fully developed. Calculation of ion-orbit loss effects in the edge plasma, which indicate steady increase in both particle and energy loss fractions as a function of mode, were included in the ion heat diffusivity calculation.
Based on these results, we conclude that the majority of edge pedestal development occurs within the first 100 ms following the L-H transition, for this discharge, and suggest that in future investigations it would be useful to obtain more highly time-resolved data over the first H transition in such discharges.
Finally, we note that the apparent spatio-temporal correlation among the calculated intrinsic rotation due to ion orbit loss, the measured torodial rotation and the measured radial electric field is suggestive that changes in ion orbit loss could be playing a major role in the transition, perhaps via the return edge current (necessary to compensate the ion orbit loss in order to maintain charge neutrality) setting the radial electric field in the plasma (paper submitted to Phys. Plasmas)
H Transition
The interpreted ion thermal diffusivity profile was also relatively flat across the plasma H transition (but did not somewhat nonorbit loss effects in the edge oss fractions as a function of mode, were included in the ion heat diffusivity calculation.
Based on these results, we conclude that the majority of edge pedestal development and suggest that in resolved data over the first temporal correlation among the calculated intrinsic rotation due to ion orbit loss, the measured torodial rotation and the measured radial electric field is suggestive that changes in ion orbit loss could be playing a major role in the transition, perhaps via the return edge current (necessary to compensate the ion orbit loss in order to maintain charge neutrality) setting the radial electric field in the plasma for the CER data and hyperbolic tangent fits for the Thomson data, to obtain composite profiles of electron density and temperature and carbon density, temperature and rotation velocity in the plasma edge in different time intervals between ELMs. These profiles will be interpreted in terms of the underlying diffusive and non-diffusive transport mechanisms (by requiring that they satisfy the particle, momentum and energy balance equations and the heat conduction relation) in order to investigate the evolution of these transport mechanisms over the interval between ELMs.
Summary The work to date has emphasized selecting and fitting the data to obtain an accurate representation of its evolution in time, taking into account averaging periods used in the initial processing of the data. Care was taken to choose inter-ELM intervals that excluded data taken at the time of the ELMs. The good agreement of prediction with experiment found on the two shots examined leads us to tentatively conclude that the extended neoclassical theory, when all important terms are retained and properly evaluated, is capable of accounting for most of the rotation and momentum transport in tokamaks. Such a conclusion must, of course, be confirmed by a more extensive comparison of prediction with experiment. Also, improved accuracy in the plasma edge requires extending the model further to represent charge-exchange of recycling neutrals, the effect of the divertor on poloidal asymmetries, and the weak rotation ordering of Mikhailovskii. with an I-coil toroidal mode number of n=3. An analysis of the diffusive and non-diffusive transport effects of these magnetic perturbations in the plasma edge has been performed. The change in the diffusive and non-diffusive transport in the edge pedestal for this RMP shot is characterized by interpreting the ion and electron heat diffusivities, the angular momentum transport frequencies, the ion diffusion coefficients, and the pinch velocities for both phases.
SUMMARY

Resonance Magnetic Perturbations of different toroidal phases in DIII-D shot
147170 generate different edge densities and different radial profiles of edge density, temperature and rotation velocity. Measured density, temperature, and rotation profile differences can be interpreted as differences in diffusive and non-diffusive transport, resulting in a theoretical basis for a better understanding of the underlying differences in transport associated with difference in toroidal phase of the RMPs. Very large outward diffusive particle fluxes and very large inward electromagnetic particle pinches are found, for both RMP toroidal phases, to largely compensate each other to produce an order of magnitude smaller net outward particle flux. This net outward particle flux is found to be larger for the higher density 0 o than for the 60 o RMP phase. The particle fluxes found from evaluating the pinch-diffusion relation using experimental data agree with the fluxes obtained by solving the continuity equation, for both toroidal RMP phases, confirming the internal consistency of the analysis. The electron thermal diffusivity profiles exhibited a "transport barrier' well just inside the separatrix. Fig. 12 Experimentally inferred electron thermal diffusivity.
Toroidal momentum transport, or "drag" frequencies were larger than interspecies collision frequencies, were different for the two RMP phases and had a major effect on both the diffusive and non-diffusive transport. This would seem to imply that one mechanism by which RMP affects edge transport is through exerting a torque on the edge plasma.
By interpreting the density and rotation velocity profiles, an argument can be made that the increased density for the 0° toroidal phase relative to the 60 o phase may be ultimately driven by the larger intrinsic rotation velocity attributable to ion orbit loss. The larger toroidal velocity for 0° leads to an inference of smaller momentum transport "drag" frequencies for 0° than for
